Abstract. Many of the profound changes in metabolism that are caused by O 2 deficiency also occur in well-aerated tissues when oxidative phosphorylation is partially or wholly inhibited. For these well-aerated tissues, reduction in energy formation occurs during exposure to inhibitors of oxidative phosphorylation, cold/chilling and wounding, so we prefer the term 'energy crisis' metabolism over 'anaerobic' metabolism. In this review, we note that the overwhelming body of data on energy crises has been obtained by exposure to hypoxia-anoxia, which we will indicate when discussing the particular experiments. We suggest that even transient survival of an energy crisis requires a network of changes common to a large number of conditions, ranging from changes in development to various adverse conditions such as high salinity, drought and nutrient deficiency, all of which reduce growth. During an energy crisis this general network needs to be complemented by energy specific proteins, including the so called 'anaerobic proteins' and the group of ERFVII transcription factors, which induces the synthesis of these proteins. Crucially, the difference between anoxia-intolerant and -tolerant tissues in the event of a severe energy crisis would mainly depend on changes in some 'key' energy crisis proteins: we suggest these proteins would include phytoglobin, the V-H + PP i ase and pyruvate decarboxylase. A second characteristic of a high tolerance to an energy crisis is engagement of energy efficient transport. This feature includes a sharp reduction in rates of solute transport and use of energy-efficient modifications of transport systems by primary H + transport and secondary H + -solute transport systems. Here we also discuss the best choice of species to study an energy crisis. Further, we consider confounding of the acclimative response by responses to injury, be it due to the use of tissues intolerant to an energy crisis, or to faulty techniques.
usage and with O 2 availability reducing progressively down the gradient (Armstrong et al. 2009; Armstrong and Armstrong 2014) .
The shift to an energy deficient metabolism probably originates with a decrease in ATP concentrations, with increases in Ca 2+ levels in the cytoplasm and/or decreases in pH cyt, changing among others activities of many enzymes. Whether these three key factors always interact and/or act in concert is not certain. Major components of energy crisis metabolism are less negative trans-membrane potentials, with decreases in rates of solute transport, reduced permeability of the plasma membrane and tonoplast, and engagement of energy-efficient transport systems across membranes. We confine ourselves mainly to energy crises caused by inhibition of oxidative phosphorylation. We do comment briefly on carbohydrate starvation during an energy crisis and suggest some characters would be relevant to the two types of energy crises, for example engagement of energy saving devices would be even more important during carbohydrate starvation during an energy crisis than when the carbohydrate supply was ample.
This review is mainly confined to metabolism in the cytoplasm and to solute transport during an energy crisis. For other important aspects such as response to anoxia by mitochondria, return to air and H 2 O 2 formation see a recent review by Shingaki-Wells et al. (2014) .
In a separate paper (W. Armstrong, T. D. Colmer, P. M. Beckett and H. Greenway, unpubl . data) we will discuss formation of anoxic cores and the possible importance of the phytoglobin-nitric oxide cycle in ATP formation during an energy crisis. This cycle may occur in shells surrounding anoxic cores, but also in well-aerated tissues when oxidative phosphorylation is inhibited. Further aspects will be NO and ethylene as possible messengers between different zones, or plant organs.
Energy crisis metabolism in well-aerated tissues
In 1992, Dennis and co-workers suggested that the term 'anaerobic response' element involved in transcription of several anaerobic genes was a misnomer and was best replaced by: 'energy deficiency regulatory element'. The hypoxic response element (HRE; Gibbs et al. 2015) is presumably the anaerobic response element discussed by Dennis et al. and still does not cover energy crisis in fully aerated tissues. By extension, we suggest the term 'energy-crisis metabolism' may be better than the usually applied 'anaerobic metabolism'. Dennis et al. (1992) reached their conclusion mainly because transcripts of the 'anaerobic' enzyme, alcohol dehydrogenase (ADH), could be induced, not only by O 2 deficiency, but also by a range of adverse conditions in well-aerated tissues; listed were cold temperature (<10 C) in tropical species, wilting, exposure to ABA, 2,4-D and wounding (Dennis et al. 1992) . Based on this evidence for ADH, they suggested that a single promoter element associated with anaerobic genes, initiated their transcription when mitochondrial function was reduced/inhibited. Nie and Hill (1997) also concluded that the induction of mRNA of the 'anaerobic' protein phytoglobin is 'not determined by oxygen availability, but rather by ATP, or some consequence of ATP action', with Pgb protein (Phytoglobin, synonymous with non-symbiotic haemoglobin) increasing at lower ATP. They based this crucial suggestion on their finding that mRNA of phytoglobin (Pgb) in barley aleurone tissue is induced in air by inhibitors of oxidative phosphorylation such as CO, antimycin A, cyanide, and oligomycin, usually to the same degree as exposure to low O 2 imposed by N 2 flushing (Nie and Hill 1997) . Also, a combination of N 2 and antimycin did not increase level of Pgb transcripts above the level attained by each of these factors applied separately. Using CO, it was also shown that there was induction in air of ADH and LDH transcripts, ADH is one of the 'anaerobic' proteins listed by Sachs et al. (1980) . Furthermore, there was induction of Pgb mRNA when ATP formation by oxidative phosphorylation was inhibited by exposure to the uncoupler 2,4 DNP (Nie and Hill 1997) . This uncoupler increases O 2 uptake, which is in contrast with the metabolic inhibitors, further emphasising that tissue concentrations or uptake of O 2 are not directly involved in inducing these transcripts. The caveat for the uncoupler is that the high O 2 consumption, resulting from this uncoupler, may have led to development of anoxic cores (Armstrong and Beckett 2011a) , so in this case O 2 concentrations in the tissue should be measured to ensure such anoxic cores had not developed. As early as 1953 Beevers showed that 'anaerobic' metabolism, as evidenced by acetaldehyde and ethanol formation, became engaged during exposure to 2-4 dinitrophenol in fully aerated tissues to the same extent as in anoxia (Beevers 1953) . Consistently, Felle (2005) referred to effects of inhibitors on well-aerated tissues as 'chemical anoxia '; and Kato-Noguchi (2000) concluded that O 2 itself was not involved directly in accumulation of ethanol, which occurred both during anoxia and in well-aerated tissues in which the ETC was inhibited.
As well, features of 'anaerobic metabolism' in air were found for leaves of red pine and paper bark: treatments were exposure to SO 2 , freezing, water deficits and ozone (Kimmerer and Kozlowski 1982) . The relevance of ethanolic fermentation in air was also emphasised in relation to disease resistance and stress (Tadege et al. 1999) .
The similar response, irrespective of the cause of the energy crisis, is also shown by a typical decrease in pH cyt occurring in cells not only rapidly after the start of anoxia, but also after addition of several inhibitors of oxidative phosphorylation during aeration (reviewed by Felle 2005) , as well as, albeit more slowly, during exposure to 0 C of cultured mung bean cells (Yoshida 1994) . So, a substantial case that interference with ATP synthesis in the ETC chain of mitochondria invokes 'energy crisis metabolism' has been made above; most of the tissues used in this work in well-aerated tissues had no reputation of high anoxia tolerance, so it would be advantageous to extend this work using extremely energy crisis-tolerant plant tissues (see 'Species and techniques' in the second part of this review).
Apart from inhibitors, 'anaerobic' proteins are also induced in well aerated tissues by low temperature, low P i and wounding, which will now be discussed.
Low temperature: further support for induction of 'anaerobic' metabolism in aerobic conditions, comes from exposure of plants to temperatures between 10 C and somewhat above 0 C, particularly in tropical species. The V-H + -PP i ase transcripts, proteins and enzyme activity at the tonoplast of rice shoots (cultivar IR 36; 3-10 days after imbibition) were induced by chilling for 2-6 days at 10 C, though less pronounced than during anoxia (Carystinos et al. 1995) . In contrast, roots of 5 day old maize had a high constitutive level of the V-H + -PP i ase and showed little increase upon exposure to 10 C (Carystinos et al. 1995) . In another study with roots and shoots of a japonica rice variety and roots of maize, there were increases of 15-fold in ADH transcripts, and of 8-fold in ADH proteins after exposure for 24 h to 10 C (Christie et al. 1991 ). Both Christie et al. (1991) and Carystinos et al. (1995) emphasised the responses of ADH were similar to those during anaerobiosis, in both cases presumably related to energy deficits. They also emphasised there was only partial overlap between cold and anaerobiosis, with differences in the degree and time of change in ADH (Christie et al. 1991; Carystinos et al. 1995) and more in general in pattern of proteins changing (Christie et al. 1991) . These data complement previous data on tropical and subtropical species, which repeatedly have been shown to produce ethanol and acetaldehyde upon chilling (Lyons 1973) . By far the most perceptive insight comes from work by Lyons and Raison (1970) , who showed that chilling of isolated mitochondria of tropical species below 9À12
C resulted in a steep break in the Arrhenius plot, i.e. the Q 10 of O 2 consumption (where Q 10 = (O 2 uptake at t + 10)/(O 2 uptake at t)) increased from 1.3-1.6 to between 2.2 and 6.3 (Lyons and Raison 1970) . This 1.5-4-fold increase of the Q 10 with drop in temperature in the tropical species, compared with a Q 10 of 1.75 over the full range of 25 to 1.5 C for mitochondria of chilling tolerant species. These authors speculated from observed changes under phase contrast microscopy that the mitochondrial membrane altered its structure, so reducing the uptake of substrates into the mitochondria, hence slowing oxidative phosphorylation more than rates of glycolysis; the glycolytic enzymes being located in the cytosol would retain the usual Q 10 of 1.3-1.8.
The possible similar mechanism of acclimative response to O 2 deficiency and to cold temperatures is also strengthened by the finding that cucumber seedlings had 70% survival after a 72 h exposure to 2 C, provided they had been pre-treated at 25 C for 12 h at 2 kPa O 2 . This survival compared with 5% for seedlings not pre-treated at 2 kPa O 2 (Frenkel and Erez 1996) . We speculate that the O 2 deficiency exposure at 25 C induced energy crisis proteins -enzymes that are also important in tolerance to cold temperature. This would be an alternative to the suggestion by Frenkel and Erez (1996) that the ethanol produced during O 2 deficiency promotes fluidity of membranes. However lipophilic compounds will reduce ATP concentration, so would lead to an energy crisis (see Supplement 1, available as Supplementary Material to this paper). P i deficiency: another example of induction in aerated tissues of several enzymes involved in response to anoxia has been established during P i deficiency. During P i deficiency, there are increases in a suite of PP i -dependent enzymes including the V-H + -PP i ase, sucrose synthase, PFK-PP i and PPDK (Plaxton and Podesta 2006) . In Brassica napus L. suspension cultures, P i deficient cultures exceeded P i sufficient cultures by 3-fold for the ratio V-H + -PP i ase/V-H + -ATPase measured as maximum catalytic activity and by 2.5-fold for the V-H + -PP i ase/V-H + -ATPase protein (Palma et al. 2000) . Importantly, P i starvation in Brassica nigra L. suspension cells, also led to 4-fold decreases in ATP and 10-fold decreases in ADP concentrations (Duff et al. 1989) . Thus, several of the metabolic changes during P i deficiency in air are similar to those occurring under anoxia (Plaxton and Tran 2011; Atwell et al. 2015) . The presently known difference between plant tissues during P i deficiency and anoxia is that NADH produced during catabolism is reconverted to NAD + by the alternative oxidase during P i deficiency (Plaxton and Tran 2011) and mainly via ethanol formation in anoxia and possibly during anoxia also by the Pgb-NO cycle (Igamberdiev and Hill 2009; .
The acclimative value of the PP i dependent enzymes is their use of PP i . This high energy compound is formed mostly during macromolecule synthesis, which includes ATP conversion to PP i , with a free energy of hydrolysis for ATP of 43 kJ mol -1 and that for PP i of 27 kJ mol -1 (Davies et al. 1993; pH 7.3) . In rapidly growing tissues PP i is hydrolysed to 2 P i via a cytosolic PP i ase (Plaxton and Podesta 2006) . However, in the absence of the PP i ase, the high energy bond in PP i can be used as an energy source, quite valuable during an energy crisis. In this review we comment further only on the acclimativeadaptive value of the V-H + -PP i ase, which can be attributed to its function in maintaining integrity of the trans-tonoplast H + gradient during energy shortage (Plaxton and Tran 2011; Atwell et al. 2015) . Activity of the V-H + PPiase would further be stimulated by the increase in soluble Mg 2+ , common under anoxia (Igamberdiev and Kleczkowski 2011) . This acclimation would greatly increase energy efficiency by 'saving' ATP (Plaxton and Tran 2011) . Additionally, the V-H + -PP i ase may result in preferential energy flow to the tonoplast, which would have high priority in view of the crucial value of maintenance of tonoplast energisation to cell survival (Carystinos et al. 1995) . This hypothesis is quite relevant to cells in an energy crisis since defective cellular compartmentation of solutes would be fatal (Felle 2005; Atwell et al. 2015 ; also see 'Reduction in transmembrane transport' later in this review). In this context it is relevant that in rice, the specific activity of a tonoplast fraction became, under anoxia, 10-fold higher for both the total catalytic activity and the total protein for the V-H + -PP i ase than for the V-H + -ATPase (Carystinos et al. 1995) . We note that H + -PP i ases have been reported for plasma membrane fractions of cotyledons of Ricinus communis L. (Long et al. 1995) and Pisum sativum L. (Robinson et al. 1996) . There are some further examples in the review by Maeshima (2000) . So, there may also be some preferential energy flow to the plasma membrane. This suggestion has the caveat that the fractionation of the microsomal extract runs the risk of contamination of the plasma membrane (PM) fraction with enzymes of the tonoplast and other organelles (Long et al. 1995; Robinson et al. 1996) . Low levels of markers for other membrane fractions in the PM fraction are reassuring for a reasonable purity (Long et al. 1995; Robinson et al. 1996) . Even so, Long et al. (1995) remained cautious, so did not reach a water tight conclusion. Nevertheless, the results of the experiments with cotyledons are very promising. In view of the crucial importance of trans-membrane transport during an energy crisis it will be informative to have experiments on possible H + -PP i ases in the plasma membrane of tissues very (Gronewald and Hanson 1982) . As well, the PM membrane potential was depolarised from -118 mV to -87 mV (Gronewald et al.1979) . A further link between wounding and an energy deficit is indicated by 1.5-2-fold increases in ADH activity after crushing leaves of lettuce and maize with forceps (Kato-Noguchi 2001) . Similarly, 5-10 min mild agitation of cotton roots increased ADH activity 5-fold, which was as much as during anoxia, and these increases were attributed to mitochondrial damage (Dennis et al. 1992) . The notion that oxidative phosphorylation was impeded after wounding is supported by decreases in CN sensitive respiration, concurrently with increases in CN resistant respiration (Gronewald et al. 1979) .
The difference in degree of response between experiments can be expected since various wounding treatments may well differ in degree of injury. These results with wounding need confirmation since in some of the present experiments the tissues may have suffered a degree of O 2 deficiency, due to destruction of porous structure. Whether this confounding occurred can be tested by O 2 microelectrode profiling measurements across the tissues (Gibbs et al. 1998) . Further, the sugar status of the tissues is usually unknown and could suffer from the excision from the source.
Is ethylene involved in development of energy crisis metabolism in well-aerated tissues?
Possible relevance of ethylene to an energy crisis is strongly indicated by experiments in which Rumex palustris Sm. plants were exposed to ethylene at 5 mL L -1 in air for 4 h (van Veen et al. 2013 ; further considered in W. Armstrong, T. D. Colmer, P. M. Beckett and H. Greenway (unpubl. data) . The data by van Veen may have relevance for many adverse conditions: ethylene emanates from tissues during a range of adverse conditions, which include, wounding, high salinity and drought (Morgan and Drew 1997) , all which may lead to an energy crisis.
New set point of pH cyt during an 'energy crisis' pH cyt : Felle (2005) hypothesised that energy deficits lead to a new quasi steady state with a lower set point of pH cyt 7.1-7.2 than in cells of well-aerated tissues. We review here detailed data obtained under anoxia of hypoxically pre-treated, 5-10 mm tips of intact maize roots. During anoxia these tips stabilised for at least 10 h at pH cyt 7.1-7.2 compared with 7.5 in the aerated tips and this pH cyt did not respond to large decreases in energy production caused by exposure to 1 mM fluoride and 50 mM mannose (Xia et al. 1995; pH ext 6 .2); in other words, there must have been 'surplus' energy available in the roots without fluoride or mannose, yet that energy was not used to restore pH cyt to the set point in air. Of particular importance is the observation that anoxic maize root tips at pH ext 4.5 with a pH cyt 7.1, responded to fusicoccin -the stimulator of the PM-H + -ATPase -by an increase in the rate of the PM-H + -ATPase of as much as 4 mmol g -1 FW h -1 (Xia and Roberts 1996 ). Yet, this potential for H + pumping across the PM had not been engaged, before fusicoccin was applied to restore the pH cyt to the set point of 7.5 in air. In Felle's words, 'it is pointless to restore the aerobic pH, since that would merely reinstate a high energy requiring regime' (Felle 2005) . During an energy crisis the new set point of pH cyt is mainly maintained by a biochemical rather than a biophysical pH stat .
The new pH cyt may last for a few hours and then decline further or last for days (Felle 2005) . The transient pattern is found for wheat shoots (Menegus et al. 1991) and also for tips of hypoxically pre-treated 5 mm maize roots at pH ext 4.5 (Xia and Roberts 1996) and 2 mm root tips of Triticum aestivum L. (Kulichikhin et al. 2007 ). In the maize root tips, there was a plateau of pH cyt near 7.1 between 2 and 4.5 h after start of anoxia; subsequently pH cyt dropped again precipitously to 6.2, whereas tips failed to resume elongation during 24 h of re-aeration (Xia and Roberts 1996) . So, the changed metabolism in these cells only conferred transient survival. This precipitous decline of pH cyt has been used as support for the notion that death would be caused by acidosis of the cytoplasm . More likely the decline is a consequence of a deterioration of membrane integrity due to failure to renew proteins and liquid constituents of the membranes (Felle 2005) . In this scenario one would expect a sudden collapse, as was the case in anoxic slices of storage root of red beet: upon return to air all cells retaining their anthocyanins, which are in the vacuole, restored their plasma membrane potential within a few minutes; furthermore, only those that had lost their anthocyanins remained at a Donnan free space potential (Zhang et al. 1992) .
In contrast, pH cyt dropped by only 0.3-0.5 units in two extremely anoxia tolerant tissues, Potamogeton stems and rice coleoptiles and the pH cyt were maintained for days (Dixon et al. 2006; Kulichikhin et al. 2009 ; Table 1 ). The proposed new set point of pH cyt (Felle 2005 ) may thus be relevant to long-term exposure to anoxia-energy crisis. The question remaining is whether in anoxic rice coleoptiles and Potamogeton stems the rather small decreases in pH cyt of 0.3-0.5 units can trigger the profound changes in metabolism. Reassuringly, similar rather small changes in pH cyt triggered profound diurnal changes in Crassulacean acid metabolism (Hafke et al. 2001 ; Table 1 ).
One exception to the general pattern of a decrease in pH cyt during reduced energy production is that pH cyt was 7.4 in Potamogeton stems grown for 7 days since the start of sprouting of the turions in air and anoxia (Dixon et al. 2006) . Overall, the discussed data on pH cyt show that tolerance to anoxia not only varies between tissues, but within the same tissues also depends on environmental conditions. That pH cyt may act as a messenger to modify metabolism is supported by an interesting case of regulation of nitrate reductase. NO 3 -reductase (NR) activity and protein can be upregulated both during anoxia and during cellular acidification using respiratory inhibitors, weak acids, or when transferring NO 3 -deficient tissues to solutions containing NO 3 - (Kaiser et al. 1999) . In all cases, the activation of NR would be via a decrease in pH cyt , but there is no chance that the activation of NR could be due to a decreased ATP concentration per se, since even in anoxic tissues these ATP levels remain well in excess of the known K m of the enzymes involved in regulation of NR (Table 2 for ATP concentrations in anoxia tolerant tissues; and Botrel and Kaiser 1997; Kaiser et al. 1999 ; for the K m of the regulatory enzyme of NR). Unfortunately, the pH cyt at which NR is activated is not known, so it is uncertain whether the modest decrease in pH cyt of the very anoxia tolerant species during anoxia is large enough to activate NR. If so, this would show that, at least in some cases, the anaerobic response consists simply of a decrease in pH cyt , caused by an energy crisis, and then engaging a system which exists in most plant tissues to modulate a key enzyme like NR. It should be noted some of the techniques of Brotel and Kaiser may have not been optimal (see Supplement 4, Some relevant examples of defects in techniques).
Reductions in energy charge and ATP concentrations
The induction of energy deficient metabolism in well-aerated tissue shows that in this environment, at least, the primary cause is likely to be a reduction in ATP concentrations (see also next section). The changes in metabolism are large, with changes in enzyme composition (using anoxia, see Sachs et al. 1996; Chang et al. 2000) and a slowing down of trans-membrane transport (Felle 2005) . Before discussing these changes (in 'Reduction in trans-membrane transport'), we will consider the changes in the adenine nucleotide pool.
Reductions in oxidative phosphorylation, e.g. by anoxia, rapidly lead to decreases in energy charge and ATP concentrations (Drew 1997) . For example, transfer of rice embryos to anoxia resulted, within minutes, in a decline of the energy charge from 0.9 to 0.6 (Mocquot et al. 1981) . Individual adenine nucleotides were not reported, but in view of the high initial level of the energy charge it is sure there must have been a large drop in ATP (see equation for energy charge in list of definitions). Subsequently, the energy charge restores to close to values found in tissues with high oxidative phosphorylation. Thus, energy charge may participate during the early acclimation to an energy crisis, but is unlikely to have much influence during the long-term survival of at least 5 days of anoxic rice coleoptiles (Kulichikhin et al. 2009; Greenway et al. 2012) . Instead, ATP concentration may be important: in the extremely anoxia tolerant rice coleoptiles the assessed ATP levels in anoxia remained 30% lower than in air at 3 and 4 days after exposure to anoxia ( In a second experiment with 7 days anoxia since sprouting, both air and anoxically grown stems were at~7.6, see text for further details.
B
Kalanchoe diagremontiana. The changes are associated with malate synthesis during the night and malate consumption during the day. These data are included since they demonstrate that only small changes in pH cyt can have profound consequences for metabolism. Table 2 . Effects of anoxia on adenine nucleotides in cytosol of two plant tissues K m ATPase was measured with patch-clamp at tonoplast 600-800 mM (Hedrich et al. 1986 (Hedrich et al. , 1989 of PM ATPase 300-500 mM (Sze 1985) . For crude membrane fragments of Vicia faba protoplast, K m for ATP was 500 mM (Shimazaki and Konde 1987) . Note that the percentage volume of the cytosol can be approximated from soluble protein concentrations, as was done for maize roots (protein soluble in 0.1 M K phosphate; Spickett et al. 1993 ), but such values are much less precise than the ATP values in the patch clamp studies
Plant material Exogenous glucose
Assessed adenosine triphosphate (mM) in cytosol Assumed % volume cytosol Reference Air Anoxia 5 mm maize root tips 3-4-day-old plants with large seed reserves 800 350 at 2-4 h anoxia 50 Xia et al. (1995) 7 mm tips of rice coleoptiles Average value of 2.5 and 50 mM glucose 600 400 at 72 and 96 h 10 Huang et al. (2005a) ; also see Ishizawa et al. (1999) Energy-crises in well-aerated and anoxic tissue Functional Plant Biologyalso Ishizawa et al. 1999) . So, ATP requiring reactions, including H + -ATPases, may be slowed during an energy crisis and that possibility will be discussed in the next section.
A 40% decrease in ATP (per unit fresh weight) after the start of anoxia in stems of Potamogeton and Sagatira (Ishizawa et al. 1999 ) is probably not representative for the cytoplasm since after transferring to anoxia there are likely to have been large increases in the FW : protein ratio, which might well explain most, if not all, of the drop in ATP level on a fresh weight basis. The only firm indication of a favourable energy status of these tissues is a slightly higher energy charge in anoxia than in air, rather than the usual lower energy charge.
Are the decreases in ATP level large enough to reduce activity of the H + -ATPases?
To further elucidate whether ATP concentrations limit the activity of the H + -ATPases, we need their K m values for ATP and the ATP concentration in the cytoplasm. The K m values of the plasma membrane and tonoplast H + -ATPases are very similar ( Table 2 ). The K m of H + -ATPases at the tonoplast were assessed during patch clamp studies of isolated vacuoles; one of the advantages of patch clamp is that the ATP concentrations at the tonoplast membrane are precisely known. K m values were 600 and 800 mM for sugar beet and barley respectively (Hedrich et al. 1986 (Hedrich et al. , 1989 . The assessed ATP concentrations in the cytosol of anoxic maize root and rice coleoptiles were at, or below, most of the K m values for ATP on the H + -ATPases (Table 2 ). So, it is possible that during an energy crisis ATP might restrict the rate of the H + -ATPases, at least partially, accounting for a reduced trans-membrane transport.
Clearly more firm evidence is required, including the K m of the plasma membrane H + -ATPases of the species concerned. Particularly, data on species with high tolerance to an energy crisis would be valuable to further test the hypothesis by Felle (2005) that, in anoxic tissues, PM-H + -ATPases do not become engaged to restore the pH cyt to the set point in air. It would also be worth checking whether the K m values for ATP of the H + -ATPases change when the tissues are exposed to an energy crisis.
The decrease in energy available for solute transport can be coped with in two ways. Reduction in solute transport (see 'Reduction in trans-membrane transport') and possible modification of transport proteins to achieve an energy efficient form, such as increased coupling ratios, e.g. numbers of protons pumped per ATP hydrolysed (see below 'Energy budget during an energy crisis').
Reduction in trans-membrane transport
One key feature of energy deficient metabolism is that H + -cotransport is drastically reduced in nearly all tissues, so that only a low rate of the PM-H + -ATPase is required (reviewed by Felle 2005; Atwell et al. 2015) . The best known cases, based on K + fluxes, are for rice coleoptiles (Colmer et al. 2001 ) and grapevine roots (Mancuso and Marras 2006) . Recently it was shown for Arabidopsis that outward K + rectifiers channels were downregulated within 1 h of the start of anoxia (Wang et al. 2017 ).
When there is no growth, such as in excised rice coleoptiles (Huang et al. 2005a ) and aged beet root slices (Zhang and Greenway 1995) , the residual membrane transport during an energy deficit, can be driven in two ways: by provision of some energy for residual H + pumping, or by previously accumulated energy coined a 'battery' Felle 2005; Atwell et al. 2015) . These alternatives can be distinguished when net K + fluxes are known, because a K + net influx would indicate some residual activity of the PM H + -ATPase. In contrast, the 'battery' would involve K + net effluxes Felle 2005) . The H + , entering the cells during any co-transport, would be neutralised by organic anions rather than be excreted Felle 2005 ). An indication of energy provision associated with residual H + pumping was found for excised rice coleoptiles. These anoxic rice coleoptiles showed small net K + influxes over 72 h anoxia (Huang et al. 2005a; Greenway et al. 2012) while there was substantial glucose and sucrose uptake (Zhang and Greenway 1995) . In contrast, the 'battery' was presumably engaged in anoxia tolerant aged tissue of red beet: there was a small net rate of K + efflux over 250 h anoxia, even in the most anoxia tolerant state achieved: being aged tissues, which were hypoxically pre-treated (HPT) and supplied with glucose (Zhang et al. 1992) . The rate of K + efflux was roughly similar to the rate of net glucose uptake (Zhang and Greenway 1995) . Confirmation is required by measuring K + and glucose fluxes in the same experiment (see Supplement 2, available as Supplementary Material to this paper). Further evidence for the action of the 'battery' was obtained by transferring excised, anoxic, rice coleoptiles from pH 6.5 to pH 3.5, which changed a small net K + influx at pH 6.5 to a continuous net K + efflux, with concurrent decreases in malate and succinate, as is predicted by the 'battery' concept (Greenway et al. 2012) . In contrast, at pH 6.5 there were even some increases in malate and succinate (Greenway et al. 2012) . So, these data indicate, at least for anoxic rice coleoptiles, substantial flexibility: with either residual PM H + -ATPase activity being engaged to sustain H + -co-transport, or engagement of the 'battery' under more adverse conditions (Atwell et al. 2015) . Eventually this 'battery' would, of course, be exhausted, and the substantial K + loss may have fatal consequences (Greenway et al. 2012) ; as discussed by Demidchik et al. (2010) in terms of programmed cell death (see Supplement 2 for cases where the battery is predicted or alternatively, some H + -solute co-transport). Of course, when there is rapid growth during anoxia, as for cells of Potamogeton stems (Koizumi et al. 2011 ) quite large K + influxes would be predicted, but as far as we know these have not yet been measured.
Energy budget during an energy crisis
Ion transport is particularly suited for studies on energy budgets, since changes in rate of transport can be relatively easily measured, while rates of solute uptake in air are high and consume as much as 45% of the energy required for cell maintenance (Penning de Vries 1975; de Visser et al. 1992; Greenway and Gibbs 2003) .
The first energy budget in anoxic plant tissues was constructed using coleoptiles of 3-day-old rice seedlings, anoxic since germination (Edwards et al. 2012 ) and this information was further discussed by Atwell et al. (2015) , among others in relation to reductions in ion fluxes. The substantial reduction in the energy requirements for these fluxes must have contributed to survival and growth of the coleoptile over at least 5 days anoxia (Greenway et al. 2012) .
Further insight was gained by exposing, acclimated excised, anoxic coleoptiles to an additional stress of 50-100 mM NaCl, which in air would greatly increase ion fluxes. This challenge could not be met during anoxia in 100 mM NaCl, when the coleoptiles died (Kurniasih et al. 2017) . However, the anoxic coleoptiles survived at 50 mM NaCl for at least 90 h, allowing comparisons between ion fluxes and energy production and the construction of a preliminary model on energy efficient transport during an energy crisis. We postulated energy efficient transport would be achieved by high coupling ratios of both primary transport systems (moles H + extruded/moles energy consumed), and secondary transport systems (moles solute transported)/moles H + influx for symports, or antiports). In addition, membrane permeability to solutes like Na + would be greatly reduced, thus minimising the amount of energy required for Na + transport to the external solution or vacuole (Kurniasih et al. 2017) . In general, one would expect leakage of all solutes has to be minimised and less selective transporters have to be de-activated.
Response during carbohydrate starvation
Carbohydrate starved tissues-organs have reduced time of survival (see reviews by Vartapetian et al. 2003; Gibbs and Greenway 2003) . In the present review we discuss the effect of carbohydrate starvation on ion fluxes in excised, anoxic, rice coleoptiles (Huang et al. 2005a) . The first distinct difference between coleoptiles, with and without exogenous glucose, was between 72 and 96 h after the start of anoxia, when coleoptiles without exogenous glucose showed net losses of K + , P and Cl -, but there was still net uptake by the coleoptiles supplied with 20 mM glucose. At this time, return to air still resulted in resumption of rapid net uptake even in the carbohydratestarved tissues. However, in the coleoptiles without exogenous glucose, longer exposure led to substantial net efflux of ions and after return to air at 120 h after the start of anoxia, the carbohydrate starved tissues had only half to one-third of the net K + and Cl -uptake of the coleoptiles supplied with glucose (Huang et al. 2005a) . Similarly, in carbohydrate starved slices of red beetroot, the only cells which had lost their semipermeability (see previously 'New set point of pH cyt during an 'energy crisis') were detected in sugar-starved slices (Zhang et al. 1992) . These results are consistent with Felle's (2005) hypothesis that death during anoxia is caused by collapse of trans-membrane gradients. The collapse of the coleoptiles is associated with a prior long-term reduced ethanol formation, which in the coleoptiles without exogenous glucose was only one-third and one-ninth of that in 20 mM glucose as early as between 0-24 and 24-48 h after start of anoxia. This drastic reduction in inferred rates of glycolysis, and hence ATP formation, could thus be tolerated for another 48-72 h, reinforcing the notion that trans-membrane transport is preferentially allocated energy. We note that ATP concentration only declined precipitously between 72 and 96 h anoxia, from 40 to 10 mmol g -1 FW h -1 (Huang et al. 2005a) .
Conclusions
This section strongly supports the notion that 'anaerobic metabolism' can be induced by several adverse conditions, including O 2 deficiency, but also by inhibition of oxidative phosphorylation in well-aerated tissues. This reinforces the suggestion to use terms like 'energy-crisis' metabolism instead of 'anaerobic' metabolism, so highlighting that the changes in metabolism are triggered by a decrease in ATP level and by inference in ATP formation, or one of its consequences, not by the level of O 2 per se (Nie and Hill 1997) . Such a revised definition would clarify understanding and improve efficiency of future investigations. However, such a change in terminology has to be based on a watertight case, since there will inevitably be confusion, particularly when comparing future and past publications. So, more detailed comparisons between responses to energy crises in anoxia and in air are a prerequisite to any change in terminology. Further elucidation of the induction of 'energy-deficient' metabolism in well-aerated tissues might use either one of the conditions shown to result in aspects of energy crisis metabolism in well-aerated tissues, such as wounding or cold temperatures, or a suitable inhibitor of oxidative phosphorylation, for example antimycin A, which inhibits electron flow (Stoimenova et al. 2007) . In contrast to several other metabolic inhibitors, antimycin A does not prevent nitrite-driven ATP formation in anoxic mitochondria (Stoimenova et al. 2007 ) This ATP formation is very small relative to oxidative phosphorylation but comparable in magnitude to that achieved in glycolysis linked to ethanol formation (Stoimenova et al. 2007 ).
There are indications that cytoplasmic ATP concentrations, rather than energy charge, contribute to the decrease in the rate of proton extrusion by the PM H + -ATPase. Felle (2005) has presented a reasonably satisfactory scenario of how an energy crisis limits trans-membrane transport (Felle 2005 ) and we suggested, in addition, that the use of energy efficient transport systems contribute to a favourable energy balance. So, the energy balance, which decreases at first, is rapidly restored till energy consumption is reduced enough to match the decrease in energy production.
The second part of this paper will address some possible reasons for the large changes in transcripts and enzymes during anoxia-energy crisis, as well as some aspects of gene regulation when tissues are exposed to an energy crisis. 
Preamble
In this section we attempt to integrate physiological and molecular studies. Exposure to severe hypoxia-anoxia (energy crisis) leads to a multitude of changes in transcripts and enzymes, even in anoxia tolerant tissues. We propose that most of these changes are related to common networks, which can participate in acclimation to a wide range of conditions, which change growth and metabolism.
The terms anoxia and anaerobic are used in this section because all the data quoted were collected during hypoxiaanoxia. Of course, when the data of an energy crisis for wellaerated tissues are confirmed, and enlarged, the better term would be 'energy crisis'.
These general networks would be complemented with changes in transcripts and enzymes specific for each particular condition, in the present case with anaerobic (energy crisis) transcripts and enzymes. Only some of these specific anaerobic enzymes would make the difference between anoxia tolerant and anoxia intolerant species. These enzymes endowing anoxia tolerance are referred to as 'key anaerobic proteins', a similar suggestion was made by Shingaki-Wells et al. (2014) .
To detect differences between anoxia-tolerant and -intolerant tissues in the key anaerobic proteins, efficient investigation requires a judicious choice between tolerant and/or intolerant tissues, knockout lines, mutants and overexpression lines. There is also a requirement to avoid methodology proven to lead to early injury under anoxia. Otherwise, many of the changes in transcripts are likely to be associated with injury and approaching death, i.e. have no meaning for anoxia tolerance. Similar suggestions have been given for studies on plant drought resistance, to account for up and downregulation of hundreds, if not thousands, of transcripts (Blum 2011) .
Networks that become engaged in response to many stresses are complemented by 'anaerobic' proteins In this review we concentrate on hypoxia-anoxia responses in solution culture. These responses to anoxia-hypoxia in solution culture should be clearly distinguished from responses to flooding, including submergence of plants in soil. The latter, more complex, environments may be high in CO 2 and ethylene, and include many changes in soil composition. Such complex environments were characterised by Shabala et al. (2014) as 'of a high complex multi-factor stress type'.
Even in solution culture using anoxia tolerant rice coleoptiles, the anoxia response involves changes in thousands of transcripts and genes (Lasanthi-Kudahettige et al. 2007; Shingaki-Wells et al. 2014) . The rice coleoptiles can survive anoxia for at least 5 days (Greenway et al. 2012) , so there is no chance that an appreciable percentage of the changes is associated with severe injury and/or approaching death. To account for the large number of changes during hypoxiaanoxia, we propose that most of these changes are associated with networks common to most plant tissues, such networks would become engaged in many situations when growth slows down and metabolism is drastically altered (Fig. 1) . For each given stress the engagement of these common networks would be complemented by transcripts and proteins specific for any particular stress, in the present case by anaerobic proteins. These anaerobic proteins will be divided into two groups depending on in which species they occur: (i) anaerobic proteins which are induced during anoxia in most plant species, especially in the roots; and (ii) key anaerobic proteins, which are only optimally expressed in anoxia tolerant tissues, such as the very anoxia In particular, there is not much direct evidence that the adenylate pool directly leads to changes in metabolism. Other secondary and cellular messengers cannot be excluded.
tolerant rice coleoptiles, so accounting for the difference in tolerance between genotypes and tissues.
Networks common to many stresses
One good candidate for this common network is the low energy syndrome (LES) present in nearly all plants, including Arabidopsis (Tomé et al. 2014) , or a similar network. LES involves thousands of changes in transcripts, translation factors and proteins and is involved in acclimation to nutrient limitation, high salt, hypoxia, low and high temperature (Tomé et al. 2014) . It should be noted we think the term 'low energy syndrome' is unfortunate, since several of the adverse conditions, mentioned by Tomé et al. (2014) , do not necessarily involve a low energy status. The LES network among others acts via metabolic reprogramming, repression of biosynthesis, energy preservation and protein breakdown. The alternative pathway (AOX) has been coined a 'survival protein' (Van Aken et al. 2009 ) and presumably belongs to or supplements the LES network. The K m of the AOX for O 2 is quite high, but it may function in the well-aerated tissues, which are the main theme of the first part of this review. One main function of AOX is the oxidation of reduced nucleotides. However, in 1-day-old anoxic rice embryos there was a decrease in AOX in rice (Narsai et al. 2011) , consistent with our suggestion that AOX might not be required in tissues highly tolerant to an energy crisis (W. Armstrong, T. D. Colmer, P. M. Beckett and H. Greenway, unpubl. data).
We suggest, that the N-end rule pathway (Graciet and Wellmer 2010; see shortly) is part of, or is dovetailing, the LES network. The exception is, of course, the 'O 2 sensitive' branch of the N-end rule pathway, which will be discussed in the anaerobic protein section ('The 'O 2 sensitive' branch of the Nend rule pathway' section). The N-end rule pathway has been reviewed by Graciet and Wellmer (2010) , the pathway determines the type of proteins to be degraded during a large range of cellular and developmental stages. Of course, deletion of one of the principal components of these general networks would decrease acclimation to many stresses, including anoxia. For a possible example of such a failure of common networks see below 'Hypotheses on messengers and their targets'.
Anaerobic proteins induced in most genotypes
Some of the anaerobic proteins are induced in both anoxia intolerant Arabidopsis seedlings and anoxia tolerant rice coleoptiles; one of the best known examples is ADH (see Ismond et al. 2003 for Arabidopsis; Gibbs et al. 2000 for rice). Consistently, many intolerant tissues have rates of ethanol formation as high as tolerant tissues (Drew 1997; Gibbs and Greenway 2003) . Similarly, several molecular responses to low oxygen, such as induction of glycolysis and fermentation are conserved (Shingaki-Wells et al. 2014) . Further, in Arabidopsis there was a 2.5-fold overexpression of ADH which did not improve anoxia tolerance of roots and shoots (Ismond et al. 2003) . Consistently, it has been concluded that several molecular responses to low O 2 , for example overexpression of ADH by 3-4-fold in cotton roots and by 20-fold in 26-day-old rice did not improve anoxia tolerance, though in this case ethanol formation was stimulated in the overexpressed lines, particularly in cotton Rahman et al. 2001 respectively) . Importantly, on a protein basis the ADH levels in Arabidopsis (Ismond et al. 2003) were similar to those found in root axes of maize (Andrews et al. 1994) .
The very high maximum catalytic activity of ADH reached under anoxia raises the question 'to what extent this high activity is required to achieve anoxia tolerance'? The ADH-1 mutant of rice, with 20% of the maximum catalytic activity of ADH and half the rate of ethanol synthesis of the wild type, suffered fatal consequences when germinated in stagnant solution . In comparison, in maize root tips tolerance was only compromised when ADH was reduced to 5% of the wild type (Roberts et al. 1989) . To what extent other putative 'anaerobic' enzymes can be reduced in expression without a fatal result requires further investigation.
Regarding sucrose synthase, a double mutant lacking this enzyme dies early when exposed to anoxia (Ricard et al. 1998) . Similarly, participation of sucrose synthase in anaerobic catabolism of Arabidopsis was proposed by Bieniawska et al. (2007) . Yet, other work with Arabidopsis shows mutants without substantial sucrose synthase, and wild types, had similar low anoxia tolerance, with all plants being dead after 24 h anoxia (Santaniello et al. 2014) . It is relevant that maize roots, though only moderately tolerant to anoxia, are more tolerant than Arabidopsis. So the different conclusions by Ricard et al. (1998) and Santaniello et al. (2014) can be interpreted by assuming that deletion of sucrose synthase only matters when the tissues have at least a reasonable degree of tolerance.
We also include in this group of anaerobic proteins common to most species: the subgroup VII of ethylene responsive transcription factor (ERF VII) of the 'O 2 sensitive' branch of the N-end rule pathway (Gibbs et al. 2011 (Gibbs et al. , 2015 Licausi et al. 2011) . These proteins occur in both mono and dicotyledons (Nakano et al. 2006) . So, though it is likely they occur in other plant species, we do not know whether either the ERF VII family and/or the 'O 2 sensitive' branch are similar or superior in anoxia tolerant tissues than in Arabidopsis (see 'O 2 sensitive' branch of the N-end rule pathway' section and Supplement 3).
The key anaerobic proteins which endow anoxia tolerance
We define the key anaerobic proteins as those which make the difference between anoxia intolerant and tolerant species tissues.
These key 'anaerobic 'proteins' would be expressed only in optimum amounts in tissues highly tolerant to an energy crisis, such as germinating rice seedlings. One crucial point that we make in this section is that there is now evidence that overexpressing of only one of these key anaerobic proteins, the V-H + PP i ase, results in substantial improvement in performance during anaerobiosis and during cold exposure, when oxidative phosphorylation is also likely to be inhibited (see the first part of this review). Though no proof, these observations augur well for the view that only a relative small number of proteins make the difference between anoxia tolerant and intolerant species. Importantly, the difference between anaerobic proteins and key anaerobic proteins would be in degree rather than in kind. For example, proteins such as PDC and Pgb also increase during anoxia exposure in intolerant tissues (for recent reference for Arabidopsis see Paul et al. 2016 ). Yet, tolerance can be still further enhanced by overexpressing the particular protein. Present evidence indicates PDC, Pgb, and the V-H + PP i ase are such key anaerobic proteins. In contrast to ADH, 3-5-fold increases in expression of PDC, the entry port of pyruvate to ethanolic fermentation, substantially increased anoxia tolerance of Arabidopsis (Ismond et al. 2003) . Similarly, transgenic rice with a range of PDC expressions showed an excellent correlation between maximum catalytic activity of PDC and ethanol formation of the tillers (measured after 24 h anoxia), as well as with % survival after 14 days submergence (Quimio et al. 2000) . Earlier work on the rate of ethanol formation and maximum catalytic activity of PDC also led to the suggestion that anoxia intolerant wheat roots were low in PDC activity (Waters et al. 1991 ). Yet, there are contrary observations; in rice leaves overexpressing PDC resulted in decreased survival, possibly due to acetaldehyde toxicity (Rahman et al. 2001) . Such negative results indicate that experiments involving modulation of PDC should allow for the possibility that the PDC/ADH needs to be maintained within a certain range.
Pgb levels have as far as we know, not been measured in germinating rice. However the Pgb-NO cycle in anoxic rice mitochondria produced twice as much ATP per unit protein as this cycle did in barley mitochondria (Stoimenova et al. 2007) . Overexpressing the level of Pgb in Arabidopsis thaliana (L.) Heynh. led to substantial increases in anoxia tolerance, but only for anoxically shocked plants (Hunt et al. 2002) . As an example, after 48 h of anoxia both shoot and root tip survival were 100% for seedlings which were pre-treated at 5% O 2 for 48 h in both wild type and Pgb+, but for anoxically shocked seedlings, shoot survivals were 0 and 30% and root tip survivals were 55 and 69% for wild type and Pgb+ plants respectively (Hunt et al. 2002) . In moderately anoxia-tolerant maize roots, transgenic lines with increased levels of Pgb increased ATP levels 1.6-fold, whereas deletion of the Pgb protein decreased ATP to 60% of the level in the wild type (Sowa et al. 1998) .
Another key anaerobic protein would be the V-H + PP i ase (Maeshima 2000; Shimaoka et al. 2004) , which does occur in Arabidopsis. However, even a modest overexpression of a gene encoding the V-H + -PPiase (AVP1) in Arabidopsis significantly enhanced survival of shoots and roots after periods of anoxia of up to 24 h (Demmer 2017) . Similarly, the recovery of leaf growth after transfer to air (and to a lesser extent, root extension) was up to six times faster in AVP1 overexpressers (Demmer 2017) . Further, during exposure of rice seedlings for 6 days to 4 C there was higher tolerance for two lines overexpressing the OVP1 V-H + -PP i ase (Zhang et al. 2011) ; this exposure to 4 C is likely to lead to an energy crisis (see the first part of this review). The two transgenic lines had 25 and 80% more V-H + -PP i ase and 70% survival compared with 40% of the wild type (Zhang et al. 2011) . Similarly, overexpressing of the V-H + -PP i ase resulted in improved tolerance to drought and high salinity (Shabala et al. 2016) . These data confirm that during an energy crisis overexpression of a single enzyme may lead to substantial improvement in tolerance. So, the V-H + -PP i ase is likely to be one of the key anaerobic proteins, which, when fully expressed, contributes to the difference between tissues tolerant and intolerant to an energy crisis. Overall, the data obtained so far with the V-H + -PP i ase show that despite the multitude of changes in transcripts and enzymes a single enzyme can substantially enhance tolerance to an energy crisis.
The 'O 2 sensitive' branch of the N-end rule pathway
Recent works have made substantial progress with the elucidation of mechanisms of the molecular basis for formation of 'anaerobic proteins (Gibbs et al. 2011; Licausi et al. 2011; Kosmacz et al. 2015; Paul et al. 2016) . These mechanisms involve the group of ERFVII transcription factors, including RAP 2.12 and an 'O 2 dependent' branch of the N-end rule proteolytic pathway, which is inactivated by hypoxia, thus inhibiting the breakdown of RAP 2.12 (Gibbs et al. 2011; Licausi et al. 2011; Kosmacz et al. 2015; Paul et al. 2016) . This inactivation presumably leads to an increase in RAP 2.12; as well there might be de novo synthesis during hypoxia (Paul et al. 2016) . The large reduction in the rate of degradation of RAP 2.12 and its transfer to the nucleus leads to formation, or maintenance, of a suite of 'anaerobic' proteins (Paul et al. 2016) .
These findings provide new insight into the mechanisms of anoxia tolerance of plant tissues. Our contribution is confined to the questioning whether the pathway is regulated by O 2 , or by an energy crisis. The authors refer to the branch as 'O 2 sensitive' and as an 'O 2 sensor' (Gibbs et al. 2011; Kosmacz et al. 2015; Paul et al. 2016 ; Fig. 2a) . Earlier, Gibbs et al. 2011 , gave as an alternative to O 2 sensing, that the 'O 2 sensing' branch of the N-end rule pathway might be regulated by a consequence of decrease in energy formation, such as decrease in pH cyt , or formation of reactive O 2 species (Gibbs et al. 2011; Fig. 2a) . As stated in the 'Networks' sections above, we suggest that at least part of the induction of anaerobic metabolism is related directly to decreases in ATP concentrations. This alternative suggestion would be consistent with our notion that the branch may be an 'energy crisis'-sensitive rather than an O 2 -sensitive branch of the N-end rule pathway (see Fig. 2 for the two alternatives). We suggest this terminology, since several 'anaerobic' enzymes also reach high levels in well-aerated tissues (see 'Energy-crisis metabolism in well-aerated tissues'). However, as stated in the conclusions of the first part, more work is needed to establish to what extent the detail of responses to energy crisis in well-aerated tissues is similar to that in hypoxic tissues.
Can the O 2 sensitive N-end rule pathway be inactivated in air ?
The question in the above heading is relevant to our theme, because the answer is a good test for the viability of our notion that the response to O 2 deprivation is merely one example of the more general response to an energy crisis, even in well-aerated tissues. The cysteine-argine N-end rule pathway is regulated in aerated Arabidopsis and Hordeum vulgare. Inactivation occurs in response to multiple stresses including drought and exposure to 200 mM NaCl (Vicente et al. 2012) . As stated by Gibbs et al. (2015) the inactivation of the 'O 2 sensitive' branch of the N-end rule pathway in air shows that in these cases O 2 is not the regulator of the inactivation-activation of the O 2 sensitive' branch of the N-end rule pathway. Gibbs et al. (2015) suggested down regulation in air may be achieved either by low NO, or by some other types of regulation, such as shielding of the N terminus of the ERF's concerned. The principal message for our theme is that the regulation of the 'O 2 sensitive' branch of the N-end rule pathway is very flexible. Whether this flexibility extends to our present theme, i.e. whether down regulation of the O 2 sensitive' branch of the N-end rule pathway occurs in well-aerated tissues during an energy crisis, could be tested by some of the treatments, which result in an energy crisis in air (see also 'Energy-crisis metabolism in wellaerated tissues').
The question of whether low NO may inactivate the pathway degrading ERF VII's in our case is worth considering briefly.
The NO possibility tends to be unlikely in our case, since as will be argued shortly, NO production tends to increase in wellaerated tissues with inhibited phosphorylation (see 'Energycrisis metabolism in well-aerated tissues'); hence based on work by Vicente et al. (2012) , the branch would remain active, i.e. there would be no accumulation of 'anaerobic proteins'. First, NO is expected to increase when the ETC is inhibited (Cvetskovska and Vanlerberghe 2012) , whereas in optimum conditions NO production is close to zero (Gupta and Igamberdiev 2011) . Second, Vicente et al. (2012) suggested a major role for nitrate reductase (NR), during the inactivation of Cys-Arg/N branch of the N-end rule pathway. NR is a major source of NO, and NR activity is much reduced in the case of drought, allowing inactivation of the N-end rule pathway. However, as described in the 'New set point of pH cyt during an 'energy crisis' section, metabolic inhibitors applied to wellaerated tissues increase nitrate reductase activity. So the present indications are that NO would not play a role in any regulation of the 'O 2 sensitive' pathway of the N-end rule pathway in wellaerated tissues. Therefore, either Fig. 2b is not realistic, or there is another type of regulation than O 2 and NO levels. One possibility may be deamination as found for the N-end rule pathway in yeasts (Graciet and Wellmer 2010) . In conclusion, some of the treatments which result in 'anaerobic' metabolism in air (see 'Energy-crisis metabolism in well-aerated') would be useful to test whether case (b) in Fig. 2 is a viable proposition and the mechanism by which it is achieved. Of course, even a positive result cannot rule out that the inactivation of the 'O 2 dependent' branch of the N-end rule pathway is triggered by two different mechanisms.
Enzymes that may not be critical for surviving an energy crisis, but which may optimise acclimation, over short or long-terms
Genes that are responsive to O 2 deficits in micro-arrays cannot be expected to contribute equally to the physiology of survival and growth in tissues such as rice coleoptiles; that is changes in expression in a substantial array of genes may be needed to optimise anoxia tolerance, but only a few may endow a large measure of tolerance. For example, there are many changes during anoxia in intermediates and products linked to the TCA cycle (Shingaki-Wells et al. 2014) . In our view, several of these changes might occur when the TCA cycle slows for whatever reason. Others might have a useful role during anoxia, i.e. accumulation of succinate might enlarge the capacity of the 'battery' (see 'Reduction in trans-membrane transport ' and Greenway et al. 2012) . The possible reactions leading to succinate have been most recently reviewed by Shingaki-Wells et al. (2014) . Whether any of these changes are critical to longterm survival needs to be investigated. A relevant case may be alanine which accumulates during anoxia (Shingaki-Wells et al. 2014) to as high as 50 mM in excised rice coleoptiles (Greenway et al. 2012) . However, the difficulty is that alanineamino transferase in Arabidopsis was involved in the decrease, not in the net synthesis of alanine, presumably during re-aeration (Miyashita et al. 2007) . A more straightforward case may be GABA, a metabolite considered to play a role during an energy crisis and which is formed by glutamate decarboxylase (Shingaki-Wells et al. 2014) . One of the effects of the increase in GABA may be reduced K + efflux, which was found for barley roots at 80 mM NaCl (Cuin and Shabala 2007) . Several other amino acids had a similar mitigating effect, but GABA is attractive to explore for anoxia since in 3-day-old rice seedlings GABA increased after 24 h of anoxia from~0.5 to 5.5 mmol g -1 FW in the shoots and 1.0 to 7.7 mmol g -1 FW in the roots (Aurisano et al. 1995) . In view of the mitigation of K + loss it would be of interest to investigate whether GABA also plays a role during an energy crisis in highly tolerant rice coleoptiles, which during anoxia showed some K + net uptake at pH 6.5, but substantial K + losses during exposure to pH 3. Increase in ERFVII group transcription factors, including RAP 2.12, which mediates the formation of the proteins specific to anoxia (Paul et al. 2016 ).
Inhibition of the O 2 sensitive branch of the Nend rule pathway (a) (b) Fig. 2 . The two mechanisms of how the 'O 2 sensitive' ('energy crisis') branch of the N-end rule proteins could be regulated. (a) Responses to low oxygen based on Gibbs et al. (2011) , Kosmacz et al. (2015) and Paul et al. (2016) . (b) Suggested responses in well-aerated tissue where anaerobic metabolism detected (see 'Induction of 'anaerobic metabolism' in wellaerated tissues' section). (Greenway et al. 2012 ) (see also 'Energy budget during an energy crisis').
Transport proteins
In contrast to the proteins participating in intermediary metabolism, transport proteins are seldom increased in amounts or composition as shown in an excellent review by Shabala et al. (2016) . These authors found no substantial evidence for changes in most of the 'transport proteins'. The exception being the convincing changes in the V-H + PP i ase in germinating rice seedlings (Carystinos et al. 1995) . The same paper showed a 2-fold increase in the maximum catalytic activity of the V-H + ATPase over 2 days anoxia; even so the protein level and maximum catalytic activity of the V-H + ATPase remained 10-fold lower than that of the V-H + PP i ase (Q. Liu and B. J. Atwell, unpubl. data; Carystinos et al. 1995) . Presumably, most of the other transport proteins were acclimated via regulation of existing channels and carriers. For example rapid changes in the PM-H + -ATPase are attributed to changes in membrane potential, there is no evidence for changes in PM-H + -ATPase transcripts and proteins (Shabala et al. 2016) . Such very rapid changes can be elicited over a few seconds to minutes, as is observed for the PM-H + -ATPase (Shabala et al. 2016) . Clearly, whether this general view holds, or whether there remain unknown changes in transport proteins, still needs to be further tested. At present, we suggest that the many fold changes in enzymes of intermediary metabolism can be attributed to the large changes in metabolism, which may occur in all conditions when environmental conditions change. Regarding transport proteins, plant tissues are always challenged by large changes in external ion concentration and other events requiring changes in transport. This general occurrence may therefore account for the predominance of regulation of existing proteins rather than induction of special transporters to cope with an energy crisis.
Summing up, we suggest that most plant species can acclimate to an energy crisis which is transient and so can survive an energy crisis for hours and sometimes as long as a day. A few very anoxia tolerant species tissues are distinguished by strong expression of some key 'anaerobic' proteins. The above information gives clues as to which plant's tissues and mutants are most likely to be useful to elucidate the characteristics that lead to the vast difference between tissues in tolerance to an energy crisis.
Aquaporins
Aquaporins close under anoxia (Maurel et al. 2009 ) and at reduced pH (Frick et al. 2013) . However, we could not find a rationale for this closure in terms of energy saving, an issue that deserves further investigation.
Hypotheses on messengers and their targets
After discussing the various components of anaerobic metabolism, we will now suggest which messengers may mediate the change from aerobic (energy plenty) to anaerobic (energy crisis) metabolism (Fig. 1) . Ca 2+ cyt : increases in Ca 2+ cyt at the onset of anoxia are well established and change activities of many enzymes (for an excellent review see Sachs et al. 1996) . However, such increases in Ca 2+ cyt occur during several conditions apart from an energy crisis (Hepler and Wayne 1985) so Ca is not specific for anaerobic metabolism. Instead, we suggest the increase in Ca 2+ cyt is a messenger to engage networks common to plant tissues under several adverse conditions (Fig. 1) . Ca 2+ as a messenger was also involved in activation of starch hydrolysis in 4-day-old rice (Ho et al. 2017) . Both changes in Ca 2 + level and activation of amylases are involved in rice under multiple abiotic stresses (Ho et al. 2017) . So, we suggest that the response is not specific to anoxia but part of a common network. This suggestion in no way implies that the mechanisms of such common networks are not interesting, but we have concentrated on specific anaerobic proteins and their distinction from proteins of common networks (Fig. 1) .
Though not specific for anaerobiosis, the common networks would remain important for survival during anoxia. Support for this notion was found when increase in Ca 2+ cyt was prevented using ruthenium red: during flooding of maize, survival of the maize root tips was as short as 2 h compared with 72 h for tips with increased Ca 2+ cyt (Sachs et al. 1996) . This assertion assumes, as indicated in Fig. 1 , that high Ca 2 + cyt is a messenger that triggers engagement of common networks, rather than of only specific anaerobic proteins.
pH cyt : pH cyt is often considered as a messenger in several conditions resulting, among others, in activation of genes, protein kinases and changes in membrane transport (Felle 2001) . Felle in this case prefers the term 'cellular messenger'. pH cyt was ingeniously manipulated by pH ext changes and applications of butyric acid (a weak acid) and methyl amine (a weak base) (Fox et al. 1995) . Such treatments showed no artefacts during 3 h exposure to pH ext between 4 and 10, giving sufficient time to evaluate the possible role of pH cyt as a messenger. Among others, it was demonstrated that a change in pH cyt in air did not trigger ethanol formation, i.e. as stated by Fox et al. (1995) , the switch to ethanol formation requires another factor in addition to a decrease in pH cyt .
Changes in adenylate nucleotide pool: we suggest decreases in ATP, ATP/ADP, and/or energy charge might also directly change metabolism (Fig. 1) . A case for ATP concentrations affecting the rate of ATP-H + ases was made in the in the first part of this review, viz. 'Are the decreases in ATP level large enough to reduce activity of the H+-ATPases?'.
Inhibition of starch hydrolysis
Rice was the only cereal able to develop and activate starch hydrolysis during anoxia (Perata et al. 1992) . Even several rice varieties are 'sensitive' to flooding in the germination stage (Ho et al. 2017) , sensitivity due to insufficient starch hydrolysis and failure to emerge in flooded fields. The study by Ho et al. (2017) also highlights the importance of making comparisons between treatments at the same stage of development (as advocated by Blum 2011) . Thus the ability to activate starch hydrolysis during anoxia is only well developed in some rice varieties. Detail on these varietal differences was obtained in a study with varieties exhibiting different abilities to develop a coleoptile during anoxia (Huang et al. 2003) . In an indica variety (IR 22) that developed very slowly during anoxia, glucose in the endosperm was lower in anoxic intolerant than tolerant varieties. For example, at 3 days after the start of anoxia at germination, the endosperm of the most tolerant variety was 4 times higher in sugar than in the intolerant variety (Huang et al. 2003 ; Japonica and Indica respectively). No other major process seemed to be defective in the intolerant cultivar; transport from endosperm to embryo was unimpaired as shown by the high ratios of sugar in the embryo/endosperm. Further tests with excised coleoptile tips supplied with glucose showed no cultivar differences in the rate of ethanol fermentation and anoxia tolerance as measured by rapid resumption of rates of net K + and P uptakes (Huang et al. 2003) . Thus, in general, the main puzzle is why the common network of the sugar cascade often does not become engaged under anoxia and not fully activated in the intolerant rice cultivars. For the wheat, the delay in development due to the inability to activate the sugar cascade may be of advantage by delaying germination till more favourable conditions arise (Perata et al. 1992) . We cannot suggest any acclimative advantage for the intermediate response of IR 22. In conclusion, the response of imbibed seeds to anoxia is an interesting phenomenon which could only be briefly considered in this review and deserves further consideration.
Choice of species for investigation
Here we compare the merits of Arabidopsis and rice coleoptiles, the most frequent objects of investigation.
Arabidopsis is a species that is very intolerant to anoxia, and has been successfully used to elucidate many aspects of response of tissues to an anoxia-energy crisis (see 'Networks' sections above). As is well known, the advantage of Arabidopsis is its small and sequenced genome and the ease to get mutants; its main drawback is that so far none of the known genotypes mutants has a really high tolerance to an anoxia-energy crisis.
One attractive possibility is to do similar molecular studies with rice. Rice is diploid, has a sequenced genome (Goff et al. 2002) and has many useful mutants (Hirochika et al. 2004) . Further, several genotypes have a very high tolerance to anoxia, so far established for the coleoptiles during germination; the high tolerance excludes the confounding of results relevant to an energy crisis with changes due to injury and approaching death (see 'Deficient experimental techniques' below). The germination phase has also the advantage of the ease of imposing anoxia on a simple system: consisting only of seeds and coleoptiles. There is an extensive literature on the response to anoxia of these germinating rice seeds (recently reviewed by Atwell et al. 2015) . The suggestion to further employ rice seems to contradict the view expressed by Shabala et al. (2014) , that there has probably been too much emphasis on rice. However, that contradiction is only apparent when considering that these authors were concerned with the multifactor stress of flooding, whereas the present review is focussed on an energy crisis of tissues in solution culture. Hence, our emphasis on germinating rice seedlings was deliberate as the most straight forward route to elucidate anoxia tolerance. To elaborate somewhat, we caution against failure to clearly distinguish the phenomenon of germinating rice under an energy crisis and the tolerance to complete submergence of whole rice plants, in the latter case anoxia tolerance has a subsidiary role to elongation (Colmer et al. 2014) . Whether rice leaves and/or roots ever have a high tolerance to anoxia-energy crisis is still doubtful (roots reviewed by Gibbs and Greenway 2003) . Studies on rice mutants have been quite rewarding to elucidate responses of roots differing in suberin during flooding (Shiono et al. 2014) . Regarding the use of rice mutants to study metabolism during an energy crisis, the only studies we know are with young seedlings, including mutants lacking ADH-1 (see above: 'Anaerobic proteins induced in most genotypes' ).
Summing up, if mutant lines for specific genes involved in an energy crisis could be found in rice, the great advantage would be that tolerant and intolerant tissues from the same species can be compared, rather than, for example, Arabidopsis with rice coleoptiles.
Confounding responses to an energy-crisis-anoxiatolerance with responses to injury
The possible confounding of features of energy crisis tolerance with responses due to injury needs some further emphasis. Felle (2005) , considering data obtained with anoxia-intolerant species, comments on the difficulty of distinguishing the period when there is a new set point for pH cyt and the subsequent period of fatal decline in pH cyt . Another example is for hypoxically pretreated, 4.75-day-old maize roots (Carystinos et al. 1995) : after a further 2 days anoxia, both the V-H + ATPase and the V-H + PP i ase of the 5 mm root tips declined by 70 and 50% respectively (basis, protein of isolated microsomes). These authors suggested the likely cause for this decline in the maize root tissues was tissue damage. In contrast rice seedlings increased in both these translocases over 6 days anoxia, i.e. the patterns indicated injury in maize and acclimation in rice respectively. There is no problem of confounding changes due to acclimation with changes due to injury when using anoxia tolerant species such as red beet storage root tissue and tolerant genotypes of rice coleoptiles. Indeed these tissues need special adverse conditions, such as those leading to carbohydrate starvation; or high temperatures, to trigger a fatal decline.
Deficient experimental methodology
It is important to establish that growth resumes after re-aeration of tissues that have been exposed to an anaerobiosis energy crisis, to demonstrate there has been no permanent injury (Thomas et al. 1973) . We would like to sharpen the criterion by Thomas et al. (1973) by adding 'with a time course over the first hours after return to air', otherwise quite serious injury might have been repaired. Unfortunately, even in recent papers there are either no recovery tests, or more frequently, the first data after transfer to aeration are obtained a few days after reaeration, e.g. 7 days after a prior 7 h of anoxia (Paul et al. 2016) and 3 days after 12 h hypoxia (Gibbs et al. 2011) . Further, the survival criteria are often photographs and visual scores on chlorosis, e.g. taken at 3 days after return from anoxia to air (Gibbs et al. 2011) . None of these tests excludes serious injury during exposure to anoxia, which may have been repaired during the long period of re-aeration. Studies need time-courses of observations of sensitive indicators of cell performance starting during the first hours after re-aeration. Suitable ones include plasma membrane potential, resumption of extension growth and of energy dependent uptake using Cl -at an external concentration requiring energy dependent transport (e.g. 0.05-0.1 mM Cl -). Only when such tests show that over the period of observation there was no serious injury does it become worthwhile to do metabolic and molecular studies on anoxia tolerance. For studies on anoxia tolerance several techniques leading to injury were listed by Gibbs and Greenway (2003) and a few further comments are provided in Supplement 4.
Another serious deficiency in methodology is the failure to acclimate the tissues before transfer to anoxia; then, as demonstrated first by Saglio et al. (1988) with 5 mm tips of roots of intact maize plants, anoxic shock results in early death and/or injury. Hypoxic pretreatment is now used by many workers, but unfortunately the pre-treatment with 50 mM O 2 (suitable for maize roots) has been applied to other species. This adoption may be unwarranted, since endogenous O 2 concentrations depend on several factors (W. Armstrong, T. D. Colmer, P. M. Beckett and H. Greenway, unpubl. data) . A simple O 2 response curve of tissue respiration with a Clark electrode and cuvette can establish a likely suitable O 2 concentration for hypoxic pretreatment (see Supplement 5). A second confounding factor may be deficiency of carbohydrates by limiting substrates for glycolysis. This phenomenon has been known since the 1960s Vartapetian et al. 2003) . In this review we have mainly considered some experiments with rice seedlings, or coleoptiles (see earlier 'Energy budget during an energy crisis'). Sucrose addition also increased anoxia tolerance of Arabidopsis (Paul et al. 2016) . So, unless the aim is to study the consequences of the interaction between hypoxia and sugar starvation, the standard procedure should be to supply sugars. Yet another pitfall is not to cater for different pattern of development during comparisons of genotypes. For example, during studies on drought resistance, samplings of different genotypes, or other treatments, are all taken on the same day, rather than taking tissues of the same level of plant water status. As another example, relative expression of CBL4, ClPK 14-15 and RAMY 3D (the start of the sugar cascade) in coleoptiles was, unexpectedly, much larger in anoxic than aerated 4-day-old rice seedlings (Ho et al. 2017) . However, this difference is presumably due to early senescence of the aerated coleoptiles as indicated by a 9-fold decrease in ATP concentration between the first and third day after the start of germination in air, whereas the ATP decrease in anoxia was only 0.3-fold (Ishizawa et al. 1999) , with both treatments having around the same ATP concentration on day 1. So, the better comparison would have been between coleoptiles of aerated seedlings on day 1 and anoxic seedlings at day 3.
Conclusions
The data indicating that 'anaerobic' metabolism can occur in well-aerated tissues, when oxidative phosphorylation is inhibited have been discussed in the conclusions to the first part of this review. We have suggested these changes in metabolism are complemented by changes in ion transport such as more energy efficient coupling ratios and reductions in membrane permeabilities to solutes (see 'Reductions in energy charge and ATP and Reductions in trans-membrane transport' in the first part of this review). The special case of O 2 deficiency and anoxia remains worth detailed consideration, partly because this case has been intensively investigated and partly because of its relevance to flooding tolerance of plants.
The frequently observed numerous changes in transcripts and enzyme levels during anoxia (see 'Networks' sections) can partly be explained by injury and approaching death associated with use of anoxia intolerant species and/or faulty techniques. However, even in anoxia tolerant germinating rice seedlings investigated in experiments with satisfactory techniques, there are still multitudes of changes in levels of transcripts and proteins (Huang et al. 2005b; Lasanthi-Kudahettige et al. 2007; Shingaki-Wells et al. 2014) . We propose that these are mainly related to the large change in metabolism changing from a condition providing plenty of energy to an acute energy crisis. Many of these changes may be related to the LES network common to a range of adverse conditions where metabolism is drastically altered. The N-end rule pathway (excluding the 'O 2 sensitive' branch) would also be relevant to many conditions when metabolism changes. These general networks would need to be complemented by a much smaller array of enzymes associated specifically with an energy crisis, caused by inhibition of oxidative phosphorylation. Of these key energy crisis proteins several (ADH among others) occur in anoxia intolerant and tolerant tissues. Another important aspect relates to the de novo synthesis of the energy crisis enzymes involving ERF transcription factors and the 'O 2 sensitive' branch of the Nend rule pathway. We suggest there may be another group of anaerobic proteins, which we call 'key anoxic proteins', which would occur in sufficient amounts only in tolerant tissues so that these proteins would contribute to the difference in tolerance between species tissues. Presently it seems the energy crisis enzymes occurring in both tolerant and intolerant tissues are mainly those involved in glycolysis. The key energy crisis proteins expressed specifically in tolerant tissue include Pgb, the V-H + PP i ase and PDC. In contrast, changes in proteins of carriers and channels for ion transport have so far not been found, excluding the well-known case of the V-H + PP i ase. Instead, regulation of existing proteins of ion transporters seems to be the norm. In view of the crucial importance of maintaining trans-membrane gradients we suggest it would be of value to research possible differences in regulation of ion transport between anoxia tolerant and intolerant tissues.
Carbohydrate starvation leads to irreversible injury of rice coleoptiles, even so this injury occurred only as late as 50 h after ethanolic fermentation had already been drastically curtailed. Clearly at least all energy saving devices discussed are particularly relevant to cases where an energy crisis is due to carbohydrate starvation.
Finally, we suggest there are two main routes for gene manipulation to further the elucidation of mechanisms of tolerance to an energy crisis: (1) comparisons between very tolerant and intolerant species, and (2) manipulations within a particular species. For comparisons with tolerant tissues like germinating rice, one choice would be Arabidopsis, with the vast information and its huge genetic variation. However, it may be more useful in the future to concentrate on rice, since its genome yields ample genetic variation and can be relatively easily manipulated. The great advantage would be that the anoxia intolerant and tolerant genotypes would be rather similar, except in respect to their difference in tolerance to an energy crisis.
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